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solar 
:harnal applications to industrial process heat, ve 
cdcoynited the need to develop a detailed computer 
zodei which could sinulate hot water and steam systems 
(unfired boiler and flash tank) .Developing our program 
resulted in a node1 suited to our specific needs and 
Lad to a Set:er understanding of the algorithms used 
anrt assumptions nade. SOLITlI (for SOLar Industrtal 
?Z2QdS3 Xeat) i3 3 - quasi-steady-state, - Flour-by-hou f 
'nOdis!. . F2c sach kour >E the year , climatological data 
4 r.? read from a T.!? (TyTFcal ?!e teoro Logical Y&a C> 
veather tape. Outputs are supplied on an hourly, 
daily, and monthly basis -dlth a cumulatfve siunmary for 
the year. 

3efore making thousands of SOLIPY runs to generate 
design tools, SOLIFH vas verified agafnst other COQ- 
putzr models. In mid-1980 the SSEA working group of 
XSXE proposed an IiT system 3ample problem to aliov 
comparison of verious codes. Results from TRXSYS and 
DOE-1 (CSS) agreed well. :Je Todeled the same system 
vi t’n SOLIPH and the results showed excellent 
dgraament . 
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INTXODUCTIOI 

&2zently 5X1 ?ubLi.shed A derL:z handbook bar 
soL3r !sdus:riii gJctxa3s :?estFrg systens (l?, :;hic!l 's 
Aescr:‘zd in anotiec Fapar ‘Jy the author TL;ewhera in 
t!:ese proceedings (2). One purpose of :he handbook 
‘.a Y to pmvide destgners with simple graphs 53t 
deterniaizg energy collection for several collector 
types far both hot vatet and steam systems. In order 
to accomplish this, it vas eirst necessary to Locate 
or develop a computer program that could be used to 
generate &he needed data. 

A number oi available simulation codes vere 
s tudiad and TWSYS (Zniversity of SJisconsia) and 
SOLTES (Sandia National ‘dboratories) surfaced as the 
iv0 best candidates. Further fnspection of TZJSYS, 
Soveve r , indicated that new subroutines wuld need to 
be xitten to handle steam systems (both flash-tank 
and unfired-5oilsr). SOLTZS vas set ‘-lp to handle an 
unfired b0Ll2t, but attempts by two separate 
prqyrammers over a two-moach ?erfod to run SOLTES at 
SZXI FaiLad to produce satisfactory results (perhaps 
?ue to the Large degree of sophistication and 
J+rsatilLt;7 iaconded f.2r the 3OLXZS code). 

s::1ce :he suze ritsi 1 nethods needed. t0 zoda L tSe 
S’JS t2Tls < ~ ;le were 3 tudying appeared rela:ively 
3 t raigh t,‘orwar,d, ve decided to deU7eLop our OM code. 
.ti &vantage of doing this is that ve vould be keenly 
aware or’ any assumptions made in the analysis and 
vould have a thorough understanding of the mdel. In 
order to quickly obtain a model :hat vas simple to 
understand and modify and Lnexpensfve to run, ve 
decided not to develop a highly flexible user-orieated 
code like the other9 mentioned. %e intent vas 3fmpLy 
to develop an accurate and useful tool for generating 
:he energy ?redictfoa graphs. 

3efore actually vritfng the code, ve designed a 
fLov chart of the first computer modeL (called SOLIP 
f>r Solar Industrial Process ?Iat) concaiaing Elat- 
Tlate collectors, piping, heat exchanger, and storage 
(see rtg. L). Qnco the detailed flow charts were 
Ttudied by task aenbecs, the code vas ;rritten in 

foctrnn IV and keypunched for use on SZRI’s CZC 7600 
compurtr. 

:?ij ?aper describes the algorithms used by SOLIPS 
and the ueans used to verify SOLIW results. (Anocher 
paper in these proceedings by 5. Gee describes the 
ener,y predi:tion design tools developed from SOLIPZ 
r’lns (3) ] . hay of the SOLIFH algorithms art similar 
to those zsed by other codes, but ochecs, such as the 
deternination of overnight collector Losses and the 
unfired-boiler sad flaeh-rank models, are unique to 
SOLiPX. 3e discussion herein EoLlovs a description 
0 i the SOf,IPH computer program contained Ln an 
appendix of the SZBI IPX handbook. 

LfTke other solar simulation codes (e.g., TXXSYS, 
3OLTZS, etc.), SOLiPY is a quasi-s:eady-state, hour- 
by-hour sode i . For each hour of the year) 
zLi2atoiogicnL data (time, direct normal insoLatlon, 
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total horit 0ntaL inrolatiol, 3itd a3bfe;lt taftpera:~~rc) 
4r3 rexd from 2 _:._ -f-J :“:J?FC31 ‘!ec33coi2~1:~? 3?sr: 
;re.achdr :d?e, avafl3~la fY7 '5 ,iF:f?r+nt -Jeach*r 
3 tations. 30 executive roucL?e :tads all c:le ~;rst~~y 
and cLinatolojicaL input data and :Sen call; ‘Iarious 
s:lbroutines (collector, ?iDe, ‘ea: 2chdng;Pr storage, 
at<.) around cLosed piping Loops. A. 5 CarCisg-point 
temperature is :hosen for 13ci p’c>2 loop (tSe 
collector array inlet temperature i;l the collector 
loop), and energy balances are petforzed on each 
component. ‘T’ne program cycles through each Loop as 
nany times as necessary until the temperature 
di s tribucion is essentially unchange4 from the 
previous Fteratfoa (to vitSfn a specified temperatur-:! 
convergence criterion). Zach hour, zeu clinatological 
and Load izquts are used, and the program arrives at a 
?ev steady-state soLution, until the entire year has 
been lodeled. 

?Fyre L s‘nows the original SOLXX 3odaL. me 
starting point for this configuration ts the talet 
colLector temperature. Re executive routine calls 
the collector subroutine, SOLWL, ;ri?lcfi ( based on 
itput ,colLac:or par3aeters .?nd 3Ltxat ItLogLcal dacl, 
sup?lics d collector array o:l:?rt teTprat.Jrt. This 
L3 used ds the iniec :emparacura ior ?ipe 1. T?e pi?e 
subroutine, ?IPE, Fs callad and, ‘sasad on Lnpuc ?L ?e 
L~suLatlon and ambient temperature, SuppLies an out&t 
temperature. T?e outlet temperature is rtsed ds the 
hot-side inlet temperature to the !-aat exchanger. %e 
heat exchanger routine, BX, ~3~s fnput effectiveness 
and the hot and coLd inlet temperatures to compute tSe 
two outlet temperatures. The hot out Let temperature 
is then used as input for pipe Z. Tie ?IPE subroutine 
is again called, and its aut?.*t oalxe re?laees t1-x 
Frzlet collector temperature ve started vith. If :hese 
tyo temperatures are cot sufficiently close, the Loop 
zust be repeated. 

First, Sowe ve r , :he second loop is conpu:ed. The 
cold-side outlet temperature of t5e Aeat axchanger is 
used as input f3r pipe 3. ?he outlet f:om PI?!? is 

used as the Lnlet storage temperature. The LOADS 
subroutine is zailed to detersine :he load at that 
hour and is ailsw a compLete energy balance on the 
storage taa’k, and tfier, SXRE is cai?ed ta deter-sine a 
new 9 torage tank temperacure. Tinis :emperature fs 
used as the Lnput for pbe b, and the outp t 
temperature from ?IpS is compared vCtS the !.nLet coL-i- 
side heat-exchanger temperature originally assuned, 
thus completing the srcoad Looo. If ai:Sar Loop has 
not converged tithin the spaci c’ied toLerance, both are 
reitaraced. 

- 
LO llake the code as aasy to under= tand as 

possible, energy calcuiatfons are done in the 

subroutines vhere they are aost appropriate rather 
than at the end of the axecutfve tou:ize. so, for 
example, pipe energy loss is ;aLcufdted :a the PIPE 
subroutine, st3raqe Loss F3 STORE, ccc. Since only 
temperature values are needed for hop f:eratioa. 
cal:ulating a11 energy ~raluas dur’,ng each cycle vocLd 
waste conputar time. SOLIF L3 3ec rp :3 ;fo :hesc 
calculations onl;* on the Last !:arstfon. 

Octgut temperatures and energy .ralues at% s*upTLild 
0 n :sour1y , dailr , and monthly bases -Ji C,S 2n ;.tnua 1 
tunulcl t L ve silmma tt7 

, l 
znarg :o ;:acc.ad . ‘;v :I:p_ drtl'.' . * 

energy deLF’7ered co :ha Load, and ?unpi,?y 2r12r;y 1rL3 
.xltpl es a z:e ray Lo s3es are di.JPrl ;d5ar:ct?*r _ f2c 
?fJLSp 2nd st3rsqi and arc ilso jr:3&:1 ??GIT\. TCYlri?i?g 

to &ether :fiep 3r2 .>oetacional /iuri,2g c9Ll*ct2: ?un? 
,)petztion) >t 2oaooerzclo~aL LJSSCS. 3 Llecror ir-“7 - - -. 
2Z:LcLenc;as zr2 gi*rwn raidci-72 '-3 .lref*lL er.erzy L.-, 

:ble 2 Lane ‘I i :he SOL',zct3r3 353 -Jell 3.3 :3 r 0 t ,? L 

isci,zont3L *!ler;y. Systtq &~i:F*ncl?3 .2r9 ;up-,iled 
I.3 t44 rat;0 :i 222rg;’ c’,ei F,:+-rei I’ .:.J : Ye bid) : .3 
1230 LiZi ZR s TZ.jil I, is 9 saqie ~ocI:::I,.,* ;ur,r?;lr:r. 
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a 
13s iAVAIL IAPCR qcc3ti XX(L) E%(3) 4DEL ')LOSS XOLOSS SWSS ETA( 2 j :?A3 

(5;) (CJ) (CJj (GJ) (X) (Zj (:I (GJ) (CJ) (CJ) (25) !:I (GJ) 

L 16.35 
? 

; 20.60 23.52 
4 25.&4 
5 32.45 
5 32.66 
7 29.67 
8 32.51 
9 29.38 

LO 17.98 
LL 10.74 
1' 
L; 

28.63 
26.32 

;4 31.17 
!5 23.90 
16 29.62 
17 30.25 
i3 '9.37 
L9 30.36 
20 3L.00 
21 30.94 
22 30.59 
'3 30.72 
iii 31.37 
1: -, 3i.j: 
lj 23.06 
17 L2.ij 
'3 30.51 
'9 29.i6 
30 30.53 
31 23.18 

Lj.i)? 20. La Lg.38 
24.84 29.88 29.69 
36.29 35.&O 34.00 
16.97 41.68 ho. 32 
74.89 58.53 S5.78 
69.L6 56.83 54.57 
60.35 50.57 48.36 
69.76 56.97 54.55 
54.53 48.85 57.94 
20.80 24.64 24.25 

7.47 12.54 11.88 
52.03 46.82 45.28 
43.74 42.21 01.30 
65.71 54.56 52.18 
64.L4 39.56 38.29 
66.41 53.57 51.63 
45.29 $5.33 44.66 
66.34 53.70 51.33 
72.15 56.65 53.83 
72.73 56.98 54.12 
70.22 56.02 53.39 
65.98 54.11 51.76 
5a.99 55.35 52.82 
72.:5 57.39 51.72 
$4.96 LO.74 39.&L 
50.96 46.09 40.:3 
5.08 L3.08 L2.41 
72.AO 56.32 53.52 
66.30 52.93 50.01 
73.21 S6.59 53.72 
34.25 34.25 32.78 

P--P 

b 835.3 L633.7 1407.7 1352.4 
-m-- 

0.00 
5.33 
6.97 
12.15 
Li.52 
17.14 
L4.87 
L6.20 
12.44 
b.01 
0.00 
12.29 
8.96 
14.59 
a.82 
14.38 
9.39 
L4.24 
LS.61 
16.12 
15.78 
14.37 
15.29 
16.63 
LO.31 
L2.86 
0.00 
Lb.04 
11.57 
LO.03 
3.38 

349.3 

9.0 
25.9 
29.6 
47.8 
54.0 
52.5 
50.1 
49.9 
j2.3 
22.3 
0.0 
42.8 
33.5 
46.d 
36.9 
43.6 
31.0 
47.5 
50.6 
52.0 
51.0 
47.0 
49.3 
53.0 
AL.5 
45.3 
0.0 
46.0 
39.3 
45.3 
14.6 

41.8 

9.0 

i3.6 

20.5 

30.0 
31.4 
31.4 
30.6 
29.7 
25.9 
16.5 
0.0 
27.0 
21.7 
28.0 
23.0 
27.8 
2L.O 
27.7 
29.0 
29.8 
29.6 
27.8 
29.0 
30.4 
16.2 
28.7 
0.0 
26.2 
23.0 
26.1 
10.3 

29.8 

'3.96 
0.00 
4.05 
6.52 
11.34 
12.95 
11.61 
12.04 
9.40 
0.00 
0.00 
5.06 
5.66 
a.52 
6.63 
8.15 
5.85 
8.26 
LO.61 
11.50 
11.54 
10.43 
LO.53 
:?.32 
8.36 
3.15 
0.00 
4.33 
4.56 
a.81 
0.00 

222.3 

0.000 
0.093 
O.LO3 
0. i37 
0.166 
0.165 
O.L47 
i3 i71 . 
0.171 
0.060 
0.000 
0.162 
0.148 

O.L72 
0.121 
O.L77 
0. L71 
0. L73 
0. Li3 
0.170 
0. L69 
Oeiil 
0 0 .;i 
O.L70 
0. iL7 

O.L39 
0.000 
0. LS3 
0. La4 
0.1s 
0.096 

1.Zb 

0.293 2.730 
0.518 - 336 
0.541 2:604 
1.627 2.569 
0.864 2.913 
0.839 2.953 
0.903 2.685 
L.054 3.334 
1.033 3.083 
0.359 2.725 
0.505 2.948 
L.608 2.979 
0.738 3.096 
L.029 3.066 
0.746 3.070 
1.319 3.053 
1.218 3.200 
L.287 3.133 
1.009 3.124 
L.042 3.075 
1.04 3.068 
1.078 3.1?3 
0.985 3.076 
is343 3.079 
L.005 2.95a 
L.049 2.a49 
0.32 3.048 
1.064 3.295 
1.137 3.iL1 
L.099 3.368 
0.751 3.178 

-- 
29.31 93.L4 

-. 3 0.30 
10.0 9.2: 
11.4 0.27 
L5.i 0.37 
20.i 0.37 
22.a 0.37 
23.0 0.37 
21.1 0.37 
19.2 0.37 
9.0 0.16 
0.0 0.00 
10.8 0.37 
13.4 0.32 
L5.6 0.37 
16.8 0.27 
15.2 0.37 
12.8 0.37 
15.4 0.37 
La.7 3.37 
20.2 0.37 
20.6 0.37 
L9.4 0.37 
19.0 9.37 
28.6 9.37 
20.5 0.27 
17.7 9.32 
0.0 '0.00 
L1.2 0.3i 

L2.L 0.37 
L5.6 0.3: 
0.0 0.21 

16.0 z-T7 
5 

= Tocal daily horizoacal Frradfacioa cimrs collector array aperture area (GJ). 
- Daily direct nomel Frtadiatfon thee collector aperture area (CJ). 

= Daily usaoie frtadiatioa tn coilcceor piane times collector aper:urc acea (CJ). 

= DafLy Frradiaclon Ln collector plane timer zollectoc aperture area (GJ). 
- Caatly energy collscced by coLluctor array (CJ). 
- Collector array e~flc5.eacy-QCOLLII~. 
- Coll.actoe array effFcieacy--QCOLL/UVAIL. 
= Daily collectad energy delivered t3 the load (CJ). 
- 2ailp operatioaal thermal system Losaea (duriaq pump operation) (GJ). 
= 3allp ooaoperacioaal system thermal losses (during pump shutdovn) (GJ). 

SL:SS = Daily thermal losses from srorage tank (CJ). 
ZTA( 2; = System therm1 cffkFency~DEL/MVAt&. 
Z?AR - Dafly pararttfc (pumping) eaergy (GJ). 

'Monthly tocal or average. 

3tE2r2 ;~e describe the various subroutines, we 
3u.s: ?oLzt wt igain that SOLIPS is not a highly usef- 
.>rFentad code lfke TIw!S?B or SOLES. TO change the 
sys tm confizutati on, the user does sot change input 
dam 3s he or she vould far one of the other codes. 
?ac:ter, the user changes the Fortran programming 
5 tatments in the executive program. Thus, a 

ZXLL STORE tight be replaced 3y a CALL 1%. XL though 
this IS xc dn clegaat approach, it is not complex and 
r2suL:s in snorter run tf,aes. me foLlovf,gg section 
desc-“Jes -- the basic algorithms used in each SOLiZ 
iubrsutiz2. 

calculates :?our-angle and decllnatiqn <a day-of- 
tie-arear . function 
declination), 

FS used to det2min2 

calculates izctdent mgle and converts no-1 3eaa 
radiation to collector plane, 

calculates diffuse radiation ta horizoncal plane, 

coavetts diffuse radiation to collector Tlano, 
( including ground and 3ky terns) , and 

adds direct, difkse, and reflected 5eam radiacicn 
L7i Tlane. 

vov, ft -ms: 3e dat+rxined c&ether :Se coilac:~2;: 
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:anperat*.~re :s compared t3 tSe 9 totage tank 
tsqeratur?, and ii i’. is suf~L:fently ‘?fgher, :se 
?‘lfl? :3 c-1rneJ ,n* sever.li =1 _ ..igs ?r3vtde .3 dead-jand 
c2!ilperatq~r2 rang2 that 3l.lol4s for ;1 :ypic31 AT 
Z3nCr.l L 3c Seam. If :he ?rlnp :3 an, 

33il T~]t’f 
c3llec:or ae:i- 

:ienc:r Fs calculated erom zhe ~ot:21-~,r)iLli~r-32Fss 
equation (fncidenc-angle corrected) and multL?Lfed bv 
‘Lnsolation and collrctor area to yteld energy 
collected. Collector' outlet temperature is then 

(2) 

If the pmxp is off, cool-down loss from the 
colLecccrs LB determined. F7r coiiector as9 :4 , 
spdcific heat c and Loss coefficient U, we 3017~ a 
time-dapendent, 

PC’ 
c’f rst-order ordinary differential 

aquztion: 

temperature ts known, efficiency can 5e calculated 

: co3 t4a tnpuc cocfifcfents. (SeCOfld-YrdC!r r?~*daiL3?.S 

ir-j 1aed - c3c ::1a 'It311~!-.3 .) 72 d?<c;y .:oLLzc:+-i I; 

:hen Triiq, and ~>~~tl+C :aa~:? r~ture ;S 
as it T.3 For 3tacfonarfY coLlectori. 

calcu;+c2d - ;:1; c 

Foe rt:uatiJns in ;thLCS tse prlp is off, t!?a 

decaying receiver temperature and asoociated 
loss 

enerp 
are calculated jUSC as for 9 tationary 

collectors. The exception :3 that an tnpuc receiver 
aasa is used, so that it does not ‘nave to be 
calculated from an input t Fine COlx3 tale. The 
stagnation tern Fs not tncluded because parabolic 
trough collectors would be defocused ;rhen the pump Ls 
off. 

Subroutine PIPE 
If the punp is oper3tf ng, ?ipe outlet tm?erature 

is determined from inlec cenperature, ambient 

3.3.E.: 
d? 

Mcpc tit 

temperature, 

- -U+C(T - T,,b) -i :s(3tnoLq 
and input insulation, using the solution 

of a ,fFrst-order ordinary dfff+renttal equatton (see 

- n 
Fig. 2) : 

L.r,.: 4,4 = To 

:C_,~~,I/T.!L *in the differential equation accounts for 
stagnation heating. The XC value for the collectors 
I.3 found ft0lU :he collector tiae constant tC as 
decarmfned by .GHRAE 93-V and input as 

Soln.: T = T,mb + (Tin - ?amb)e Yc~ . (7) 

Energy lost fs then 

YC,, 
r ;- 

2{!c, ’ 

YC,, = 2$cp , 

(4) 

(5) 

!where !! is :he collector 339s Slow-tare value used fn 
t:Se XSXUE fast. kce :he array temperature lo 
caku’lated, energy loss is determinedas :!cnc tines the 
diPference between that cemperacure and the one for 
:he prevtous time ste?. (At ihutdown, the average of 
inlet and outlet temperatures is used for the first 
value. > 3ese calculations w LY only to the 
collxtors and not the header pipes. Re headers are 
Imped ineo the pF?e runs to and from the collector 
Clcray, and their iosses are dettmined vt:h the 
;uppiy/raturn pipe hsses. 

Subroutine TROIJGTYI 
T:?e parabolic trough subroutine first calculates 

tacident angle for d nortS-rouch or east-west trwgh 
array. Nrec: :nsoLatlon on the aperture is then 
calcuiaced, co tree tiag for row-to-row shading 
Losses l ?13p d:.?txs i3 .dacermined by con?aring 
available radiation to .an input crittcal !ntensity. 
f:: -- the radiation Ls suff Lcienc, an LxiJent-angle 

=odlBier is caicaiated fr9m in.zut coefficients. The 
+v?rage :‘luid temperature T ts decerained 3s 
fS ~‘ow: c!?e anerg coLlec:ed &per uT..it atea is the 

- 7roducc IC‘ l :t’icizncy and irradiation and al30 the 
- *Yroduct >c 2ass 5 z 3’~ rate, s pe c i f ‘L c iest, 3rd fLuiA 

trmperzcure cF3e. Setting <these quantities equai, ;;,’ 
have 

To detamine parasitic power, the Reynolds number 
is calctllated first to deterrntne -Jhich flow regime is 
present. The Colebrook equation detamtnes the 
friction faetx when flow ts turbulent, and : is 
calculated as 54/Ce hen ZLov is laninat. ;9r 
transitional glow. 3 simple LFnesr 
betveen the t-0 

tnter?o’st:on 
is used. Values 

?ipe L/O, 

Sor total aquivsirqt 

fncluding Fit:inqs and elbows, are use-c 
inputs. 9ead i3 then determined as 
Y= f(L/D)(v22g>. For 3implictty, user inputs for 
average coilactor and heat-exchanger pressure droos 
dre added here, although :hey could 3iso be I:: 

separate subroutines. 
If the PUUlQ is off, the 3oLutton for temperxture 

decay is 3imiLar to that For the collectors: 

T - T,,b + (To - T,,b)e -Ticy . . (9) 

The :4c produc: Fxludes 50th the f?.uid and ?ioe 
3ecaL. p(Insulation heat capacity i3 

Aeglected.) 
xiual:;7 

52 cool-iown energy loss is then ts2 

4 
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product of !fc and tSe average temperature change over 
a ti2e ste?. ? xote chat this can be negative for the 
coLL?ct?rs snd pipe. I’ i tF‘.ev +ave . coo Led dOWI to 
a-niist and the m!3!an: ta-?er3turz rises, tki*re *JiLL 
ha 3 heat zsin. 

Subroutine Bx 
Tine heat-exchanger subroutine uses the flow ratas, 

hot and cold inlet temperatures, and the Input effec- 
tiveness t to compute the hot and cold outlet tempera- 
tures using simple heat -exchanger effectiveness 
equations (see Fig. 3). Thus , ve have 

C 
11 
i-Out * %-in - c e (&in - Tc-in) (10) 

and 
r . 

T-t-out * Tc-in + E: y (Thwfn - &-in) , (LL) 
C 

vhers C refers to heat-capacitance Plov 
i.e. ,Yk,. 

rate, 
Heat-exhanger the-1 Losses are considered 

to be negligible. 

Subrout Fue LOADS 
-. .Yle iCA3S subroutine 5uppLias the load flow rate 

and return temperature at each ‘hour needed to perform 
the Loop energy balances. Load ptoiiles and load 
delivery control schemes are changed by changing the 
code in LOADS. In a typical setup, LOADS first checks 
to see if a Load exists for a given hour. If so, it 
:alculates the difference between the storage tank and 
load return temperatures to determine vhether flow 
should occur through storage. Several flags allow for 
a dead band, 
be used. 

so that a dT,,!.SToff control strategy can 
The LOADS subroutine also has a mix valve 

capabiLit:r that allows only a fraction of the Load 
‘fo,C'JZ:3 fluid to pass through storage and then be mixed 
vi th bypassed Load return fLuid to Limit tSe Load 
supply temperacure to a set value. 

Subroutine STORE 
The hasi: stocage subroutine assumes mixed storage 

and takes skin Losses into account. Plow into and out 
of it; rage occurs both on the collector side and the 

Load stde. If ve caL1 the inlet temperature on the 
COLleCtor (hot) side Th, the load return (cold) 
temperature to the tank Tc, and the zixed storage 

temoersture T (same ad return to collectors and Load 
supply) (see Fig. 41, we have 

‘3.D - 
dT 

.L.: I!c;, z = ?fhCp(Th - 71) - &Cp(T - Tc) 

- U(T - Tamb) 

1.c.: rl =ro 
;=o 

Pig. 3 SOLIEl E!eat-Exchanger %del 

i T 
ma a IOU = UA (T - T,) 

Fig. 4 SOLIPS Storage Tank &eat Balance 

Soln. : ?I” s(T 
_ {f+ + !lc;, + UA t 

es 0 - T,je !lc , 
2 

(i2) 

vhere 

!:ote that, in the case of no flow on either side, the 
solution reduces to :he same form as chat for the 
pipe. 

If To is :he storage tank temperature at the 
beginning of the tize step, substituting fn the tise 
step (one hour) for t in the above solution *till ;;i.:e 
the tank temperature at the end of :!I+ tiae ste?. Pot 
the energy balance to vork, however, ve aus t use t5e 
average tank temperature during the time step t’; 
i.e., ve ;3L1st integrate the above soiutton and divide 
by the time step. Thus, 

The soLutlon is 

where X = !k,co i $c7 A 3. The energy lost 
storage is cieiersiie;l 5y ?ncegratizg the product 
and the di P Perencz between Instantaneous storage 
temperature and ambient tanperature. nus , 

‘-’ 

9 oss = J :‘.i(r - -iamb) dt , 
0 

from 

of i’x 

! tank 

(16) 

the ~OLlii~OKl ~3f ahic;? Ls 
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Subroutine TCSTORE 
T 77 e c’?er,ocLi3e stocage subr~utfne !?CST?RE) is a 

s iaaia . 2-lode nodal chat ;rorirs by iCdCki3g :;Jo ?IfSed 

3 C.sCTlgY c,anLa, one 3n top of the ocSec, dnd Cd~~fTlCj 

~r3RE :r;i: 0 . i3e scJrsge volume and VA are divided 
?~;uai.‘~;r bee-Jeen the t*do tanks. Sneqy delivered :s 
c5.e lroducc of Load flov race, specific ‘?eac, and the 
df r’ Ierence See-Jeen the cop tank temperature and the 
Iodd return temperature. Total energy Loss is the sum 
of the losses from each tank. 

Subroutine BOILER 
77 is subroutine nodels an unfired boiler. The 

boiler is divided fnto a preheat section and a boiling 
section; coca1 area is held constant. The temperature 
of the saturated steam to be delivered Fs specified, 
3s are t&St hot (collector) and cold (Load) 
Cemperacures and overall V value. 3tcause therm1 
raslscance oa the oil (hoc) side is dominant in both 
4ec:tons, using one U value for both is 3 reasonable 
approximation. 011 r’low can be varied to yield a 
conscanc gtea,n 510~ (up co a speciEted Lirnic), or a 
const3~c hoc L c’lov can yield a variable steam output. 
?~\t?ucs Jf ZSe subroutlne xre hot-side outlet 
-~-l3+-‘: ::z &Id _- . a. t!le unknown flow. 

32 .llyorithn soives Pour 3inuicaneous 
\??uac tons. ?JO are heat-exchanger aquations (ssing 
? = 5A l LXT3), one for the preheater, the other for 
- i ,.,e SoiLar. The other tvo are energy balance 
aquacions, me across the preheater, the ocher for the 
‘miler (see Fig. 5). 

hiler: 

!:C&il(Th - Ti) - 
EIAl(Ty - ‘i> 

L 
lf$+) CL91 

?yeheattr : 

(29) 

This gives us four equations in four unknowns : 
l. T 
&c’ ‘f’ .I, or -2, and the unspecified Ilow. 
the totalL .area, A. + 

(Se know 
A,, Felt do not know the break- 

doxl.) Since cSe Gquatfons are nonlinear (cvo contain 

. 
&I. co-d. Tu -/ /-i_ h,, Ts ; 

Oil 
Siae ‘* 1 h i 

r Water 
” Side 

I - 

Preneater 
u. A2 

w i 
. 

%I, T 2 I-L.z,,.r. . co-m. c 

Pig. 5 SOLIPS LFnfireci+oiler 16del 

L 
+ - In 

1-R 

T&s, ve have on’ equation in one DInknown, 3. 
Subtracting “(At + A,) from both sides, ve have an 
rquacion of the fom6f(X) = 0. SOLIPR 3oLves Ear ihe 
2 root by the %wton-Raphson method. T;f?icalLy , fewer 
than five iterations are required. Once 2, and hence 
the unknown ElOV rate, is .+*ter3ineJ, tie tfqefg:; 
de LF vertd is calculated as 

h 
“de1 = :gJ ; hr + .+(Ts - TV,)1 , . Lg .* 

and the oil-return temperature as 

?I, = r,, - 
Qdel . 

I. \ 

(21) 

(25) 
V%iot1 

Sabrtmtint FIASB 
This subroutine nodels a flash valve, ELash tank, 

and feedwater make-up valve (see Fig. 5). .A11 
enchalpies are calculated as the product of speciffc 
heat and temperature, with the exception of saturated 
steam enchalgp h,, vhfch is detemined from d separate 
scram-propercies3subroucine (I;,. 

Flash Valve. Ye assume chat the press-are upstreacl 
of the flash valve is maintained at 5 psi Treater than 
the saturation pressure (deterained fro3 :he 3ceaz- 
propertFes 5ubrouCine) in 3rder to preven: joi1 C &Lag. 

Saturation pressure depends t>n :he tempera:ure IC that 
point. The hP across the Elash valve is, then, cte 
difference bet*reen that upstream pressure and the 
saturation pressure of steam dt the 4estrsd (i3uuc) 
delfvecy temperature. EzrastiFc power is calculited 
using chfs AP. If the upstream temperature is 
insufficient to SUQQ ly steam at the desired 
twperature, the flash valoe i? is arSit:ari?y set 3c 
5 psi. 

Flash Tank. First, the flash tank temperature ls 
calculated as a function of time, -with the same 
digorithm as that used in the s tsrage EbnK 
subroutine. Ue assume for t5is calcuiation that 70 
steam is de lfvered. 3fnce the flasii vaiva ts 3. con- 

t 8 ’ _ <, ‘;!h. 

ill-, ,.\I”-,., . 

?fg. 6 SOLIPS Flash System Compoaents aaci Energy 
Values 



SC.UIC enthalpy device, this calculation is performed 
3s if :Ss upstr2am vatar wera directly entsrtng the 
C’3sh tank. T?US ( 

4 c .Y + CA 
_ irl ? t 

T=T o + (TO - T’,) e 
!!c 

P , (26) 

vhere 

L - 
:i&Th + UATamb 

%p + iii4 

and ?lhch Fs detemined upstream of 
Ic the temperature T at the end of I 

, (27) 

the 
the 

flash valve. 
time step fs 

less than the steam-delivery temperature, no steam is 
delivered, and tank loss is calculated as it fs in the 
storage subroutine: 

I 
:!c, - - t’ 

+ UA 7 
‘. cTo - T%) c 1 - e xcp 1 , (28) 

‘Jker? :: = :I ..yc> L ;‘A. If tse f Fnal ?,zlzulat2d 
t 27peratute &zceeds the steam-deli very temperature, 
and the initial temperature was Less than the steam 
tnperature, ve nust 3ecenine how long i: took to 
reach the delivery temperature, since heating above 
:hfs point is not physically possible. To do this, we 
replace T with Tsteam in the temperature equation and 
3olve for time, :,ol,. Energy loss during the heat-up 
period caa be deter&ned by subetitucfng tboil for c’ 
F3 the energy Loss equation. For time step t’, the 
clae Left after boiling fs tLeft - t’ - cboil. 3urtng 
ti3e :laft, the tank loss ts simply 

QYS (LOSS 3 C-k(Tst,am - Tamb)tl,aft l (29) 
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To detertine tSe amount af steam delivered, the 
s teaa qualtty must be calcxlated from an c?!lS tj7:J 
Saldnc$ : 

tnthal;7y in = stem an:halpy i r2cycied 
+ heat losses - tank dne*Tv incrzas2, - ‘3. 

fhl * xh,, - (1 - x):!hl. + l qoss c 
1 

Solving for quantity x, 

s?(sg - he) 

The tank ener,7 increase term is just 

k&c = U,p(T� - Tteit) l (32) 

Energy delivered to the load Fs the difference between 
enthalpy of delivered steam and enthalpy of the zake- 
up water: 

?Iake-up 7alve. One ruor~ energy balance is needed 
to determine tSe tanptrature of the water racutned co 
the collectors. Zefarring to Fig. 5, ve find 

Energy to collectors = energy from the tank 

r energy of make-up water, 

or 

%lz = (? - :<).he + :&h,k2-up , (34) 

Table 2 Camparisoa of SOLIW Energy Qtputs Vtth Other 
Coapnfer HodeLs Used ia SHEA Sample IE! Problem 

Computer 
Xodel 

January 

Open-Laop Cl0 sed-Loop 
Log-Tanperature Xgh-Tampera- 

Load cure bad 

IC IX WC7II GOUr @OUT s OUT LOUT 
(GJ) CGJ> (CJ) (GJ) (GJ) (GJ) 

DOE-2 343.0 lr4L.O 4L3.0 171.0 164.0 96.9 73.0 
rwsys (W) 345.0 44ir.o $21.0 172.0 167.0 98.0 74.0 
TRNSYS (ALTU) 345.0 444.3 423.0 L73.0 166.3 LOO.0 76.3 
USL 345.0 444.0 425.0 172.0 170.0 90.0 73.0 
SOLITH 344.6 $13.4 $24.4 172.9 L66.5 98.4 77 .A ' 

JLll:7 

f)OE-2 375.3 652.0 590.0 241.0 235.0 133.q 166.0 
rR.‘rs YS ( LX) 375.3 545.0 534.0 24t.o 235.9 i79.0 153 .o 
mNSYs (ALXS) 875.0 645.0 588.3 242.3 235.0 ia4.0 L67.0 
-AAs L 375.0 647.0 593.0 243.3 239.3 iT?r :) 153 .o 
ji)tI?q 57L.7 544.3 592..3 241.3 Z35.i !?3.3 157.3 
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3e return temperature to the collectors T, is, 
::?en, hz/c 

? 
. 

Because Sr)LI?Y was ‘nitten to nake thousands of 
r-as to generate design too Ls , It was important to 
check its accuracy. This vas done using two 
-Je thods - . a “point” comparison of a specific detailed 
node1 ui th other tecogni ted computer mode 1s and a 
parametric analysf s compared with a racognited 
siapllf ied method. Fortunately, aa IPH system had 
already been modeled simultaneously with several other 
zndes. In mid-1979, a Systems Simulation and Zconomfc 
Analysis ilorking Group sponsored by DOE modeled a 
sample problem IF3 system with T’AXSYS (t.vo different 
programmers), DOE-2, and a code gritten at Los hlamos 
Scientif it Laboratory, which we vi11 refer :o as 
USL. An attempt was also made to use the SOLES 
program, but the user was unable to obtain 
satisfactory cesults Fn time. The example problem 
consisted of a CPC solar collector array, a heat 
Ix&anger, and a thermocline storage tank (5). 

To check S0T.X?!I’s ?rrfornance , one n? the cask 
qemkrs mode lad t!le Wlple ?robl.en ,Jlth SOLIX. 
.4oprJxi.xaeeLy 3Y hours alapsed from the tfme zork 
began until good results vere output. Yuch oi this 
tine was spent incorporating a thermoclfne storage 
tank and mix valve, which SOLIPII did not have at that 
time. ‘Table 2 shows r~onthly energy output results from 
SOLI? compared vith energy values supplfed by the 
ocher programs. This conparisoa shows very good 
agreement ior both the Low- and high-temperature load 
cases. 

3ourly plots oE the storage tank temperature are 
di.ven in Zig. 7. Comparisons between the codes of 
energy collected and energy delivered on an hourly 
basis ate shown in Pigs. ? and 9. In all cases, the 
z3de-s are shown to agree very veil. 

P A3 tast SOLIP! over a vfde range of parameters, a 
variation study rJas conducted against %cxART 0.0. 
FX.ART ir.3 is widelp racognited and simple to run. A 
total. af 20 annual runs of a sfaple flat-?late 
3 LLzctor conftguracion -4ere nade vith varf.ous 
conbixattons of the fo?lowCng 14 parameters: 

0 collector peak optical efffcisncy, 

b collector U- value, u 

20 I I I 

29 4 c=O 

Tine (hrs) 

Fig. 7 !3ottoa Storage Tank Temperature vs. TLme for 
SOLITS and SSIU Results 
f”- \ ..,e shaded area re?r.rsents i!le range pi 3SZA 
~esulcs .> 
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collector tilt, 

iollaccst 1TZ.d) 

collector incident-angla ,modffier, 

ground reflectance, 

coLlscror loop flow rate, 

steady-state pipe losses, 

storage size, 

storage skin Losses, 

Load flow rate, 

storage taak tnfnlmm discharge temperature, 

Load profile, and 

load return temperature. 

150 

: 
d 

-*-•- SOLIPti 

100 

I 

Month 

7fg. a 

Pig 

3 
T) 

3 

Energy Collection Comparisoa Between SOLIRI 
and SSEA Results 
!?he shaded area represents the range oi SSEX 
results .> 

--•- SOLIPH 

Month 
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To perzit a good comparison, all runs vere xde 
.E9r one city, - .Ubuque cque ) and ‘c:xART aon ts1y 
iY!ScJLdtfOQ VaiLl2!3 ;rer2 adjust4 ta =---t Jl:i the 'I?!Y -y- - 
:aps l Z;idrpy ;irlivlrry qralurr fron SZLZFII ;ind ?C'-TX.IT 
i:rr2ed c3 *xi,::lin j2 Par L5 0:' . ..e 23 - h t'lns . r?Fs 
3zteaznent 1s considered SOOd ( since FCIURT 1s a 
Ilon:hLy code, and 1:s accuracy is 
the range of 3X. Five of 

exQect2d to be ia 
:Se runs, oowever, showed 

differences of from 5X io LLX. In these runs, t2cll- 
petatures ;rete higher than in :he other cases. To 
determine the cause of these differences, ve consulted 
vith the ilniversity of Visconsin Solar Laboratory, 
which developed KURT and TBNSYS , the detailed hour- 
by-hour code from vhich FCKART was derived. Xfsconsin 
Solar Laboratory sade several TRNSYS tuns for direct 
comparison vith SOLIPB runs. TRNSYS and SOLIP!I agree 
in each case to vithin L-L/Z, but both exhibited 
dFff2rences from FCHART. The hypothesis was that the 
Lover anergy values from FCKART resulted because 
7C:wilT algoti this are mare conservative at higher 
temperatures. In any case, :he agreement betveen 
SOLIPEL and TRXSYS further Supported the accuracy of 
SOLIP%. 

To chec!c the accuracy 0 f the SOLIW rRoUcB 
subroutine, pars bo Lit irough runs oere compared 4th 
Sandia-Albuquerque trough pr+diccions. Again, 
axe Lidnt agreement wa 9 Pound. Thus, the basic 
nons t*am cofzponents of SOLIP% have been verified. 
Kovever, the unfired-boiler and flash--at& L 
subroutines, the most recently developed SOLITH 
capabilities, have not yet been verified. Indeed, 
‘L’RXSYS and FCHART do not have these capabilities. 
Recent comparisons or’ SOLIPII models with operating IPA 
field tests, however, lend credibility to their 
accv2racp. 

TBE USE OF SOLXPB 

Becsuse of its Lack of user-oriented special 
features, SOLLPH fs relatively fast running. .I year- 
LonEi f hour-by-hour simlatton of a system that 
includes a collector array, heat exchanger, storage, 
*ad associated piping takes about LO CP!! seconds of 
axec2tion time. This amounts to a tocal cost of about 
s3.m on S22i’s CDC 7500 compucer. 

Since :he original version of SOL iP!S was completed 
aarly !.95i, IFTi hand book task members have 
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contributed a Large number of ln,Qrove!aents to the 
nodel. Ic Ls hoped that Euturil fundLng qigi.c ?er3it 
Sx,I?<'J caoabiLitCes to k *x3 La i : 24 ?*1rr’1ar ( ‘? 
golerair results chat C~llld not be obtaize? ‘2ef2re 
?ubLicatton 0: :hij ‘:andboo’k. 

The author vould Like to gratefully acknovL2dga 
the contributions to the SOLIZL comput2r model aade by 
the follouing people: Randy Gee (SERI) vho wrot2 the 
parabolic trough subroutine and performed the verlfi- 
cation versus P-chart;Menneth Yay (SEX) who mote the 
flash tank subroutine: Jti Leach (North Carolina State 
Vniversfty) vho, while vorking at SEX Fn the sutuner 
of 1981, wrote the first version of the unfired-boiler 
subroutine; Roger Davenport (SERI) vho incorporated 
thermocline storage and nix valve caQabili:ies and 
made the SE.4 verification run; and Douglas Dougherty 
(SERX) vho improved the piping subroutine. 
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